INTRODUCTION
In the developing vertebrate CNS, neural progenitors undergo an initial period of neurogenesis followed by a late phase when nonneuronal glial cells become specified (Okano and Temple, 2009) . During the period of neurogenesis, specific types of neurons are sequentially produced over defined time windows, and in this process, progenitors become progressively restricted in their developmental potential by losing competence to generate early-born neurons (Desai and McConnell, 2000; . However, virtually nothing is known about the mechanisms that execute the transition from one temporal identity state to another (Bassett and Wallace, 2012; Okano and Temple, 2009) , and if such switch decisions are coupled to the regulation of neural stem cell potency, or if the progressive restrictions in potential associated with aging neural progenitors is controlled by parallel temporal mechanisms.
Temporal neuronal patterning contributes to the establishment of cellular diversity in all regions of the brain, but is particularly evident in the developing retina and cerebral cortex in which the birth order of neuronal subtypes is correlated to the organization of cells into topologically different layers (Bassett and Wallace, 2012; Franco and Mü ller, 2013) . While transcriptional networks regulating temporal patterning and progenitor competence in the Drosophila nerve cord have been well defined , only a small number of transcription factors that provide temporal identity or competence to neural progenitors have been characterized in the vertebrate CNS (Elliott et al., 2008; Hanashima et al., 2004; Jacob et al., 2007; Molyneaux et al., 2005; Pattyn et al., 2003a) . It has therefore been difficult to define the presumptive regulatory relationship between sequentially acting transcriptional fate determinants in vertebrates, which is a requirement in order to understand how progenitor competence is regulated over time, and how temporal switch decisions are mechanistically implemented.
In Drosophila, neural progenitors undergo sequential competence states defined by the consecutive expression of transcription factors that provide temporal identity to cells. Young progenitors thereby lack competence to produce late-born cell types, and such competence is instead acquired over time through activation of late-acting temporal-identity factors . Temporal competence may be regulated in an analogous fashion in the developing retina (Elliott et al., 2008; Trimarchi et al., 2008) . In the developing cortex, however, classical transplantation studies have established that young cortical progenitors can generate late-born neurons when transplanted into an old cortical environment (Desai and McConnell, 2000; McConnell and Kaznowski, 1991) . Importantly, these data predict that extrinsic signals influence the transition between early and late phases of neurogenesis in the cortex, and imply that young cortical progenitors either have inherent competence to produce late-born neurons or acquire such competence in response to late-acting cues.
Similar to the developing neocortex, extrinsic signals have also been implicated in the sequential specification of motor neurons (MNs), serotonergic neurons (5HTNs), and oligodendrocyte precursors (OLPs) in the ventral hindbrain (Pattyn et al., 2003a) . These cell types are generated from progenitors that express the homeodomain protein Nkx2.2, and young Nkx2.2 + progenitors can prematurely generate late-born 5HTNs when the early MN identity gene Phox2b is genetically ablated (Pattyn et al., 2003a) . The spatiotemporal generation of MNs, 5HTNs, and OLPs by Nkx2.2 + progenitors in the hindbrain has been well characterized (Deneris and Wyler, 2012; Jacob et al., 2007; Pattyn et al., 2003a Pattyn et al., , 2003b Vallstedt et al., 2005) , and a direct lineage relationship between these cell types has been established (D'Autré aux et al., 2011) . Several transcription factors controlling the differentiation and/or production period of MNs and 5HTNs have also been identified (Deneris and Wyler, 2012; Jacob et al., 2007; Pattyn et al., 2000 Pattyn et al., , 2003a Pattyn et al., , 2004 , making the Nkx2.2 + temporal differentiation lineage an attractive model system to address how temporal progression of neurogenesis and progenitor competence is regulated in vertebrates. In addition, the activity of 5HTNs influences many physiological processes in the developing and mature CNS, and impairments of this system are implicated in several psychiatric and neurological disorders (Deneris and Wyler, 2012; Ressler and Nemeroff, 2000) . Fetal 5HTNs have furthermore been shown to restore coordinated limb locomotion when transplanted into sublesional regions of the spinal cord in paraplegic rats (S1awi nska et al., 2013). The identification of signals regulating the temporal identity of Nkx2.2 + neural progenitors could therefore possibly be applied to effectively produce late-born and clinically important 5HTNs in stem cell cultures.
In this study, we show that Tgfb signaling determines the temporal execution of the MN-to-5HTN fate switch and concurrently constrains neural progenitor potency in vivo as well as in pluripotent stem cell assays in vitro, and that Tgfb can regulate temporal neurogenesis of distinct temporal lineages in the CNS. We define core components of the Tgfb-regulated gene regulatory network in the hindbrain, and provide evidence for a ''hierarchical dominance model'' of temporal neuronal patterning in which young MN progenitors have inherent competence and are primed to produce late-born 5HTNs, and that temporal implementation of the 5HTN differentiation program depends on Tgfb-mediated suppression of the early identity gene Phox2b. Unexpectedly, our data further reveal that the Tgfb-regulated primary MN-to-5HTN switch is temporally coupled to the subsequent 5HTN-to-OLP switch, and that the temporal onset of Tgfb signaling appears thereby to affect the overall lifespan of the Nkx2.2 + temporal lineage. (Matise, 2013; Pattyn et al., 2003b) . Early expression of the transcription factor Phox2b in these cells defines the temporal window of MN production (Pattyn et al., 2000) , and the subsequent downregulation of Phox2b correlates with the execution of the MN-to-5HTN fate switch (Pattyn et al., 2003a) . To identify extrinsic cues that may regulate the temporal identity of Nkx2.2 + progenitors, we screened the expression of candidate signaling molecules and found that Tgfb2 exhibited a dynamic spatiotemporal expression profile in the ventral chick and mouse hindbrain ( Figure 1A ; data not shown). In the chick, at early stages when MNs are being produced (HH18), the expression of Tgfb2 was confined to Shh + FP cells at the ventral midline, but expanded dorsally and encroached into the Nkx2.2 + progenitor domain over time ( Figure 1A ). Tgfb1 or (Wieser et al., 1995) under the control of an Nkx2.2 enhancer element (Lek et al., 2010) (Figure S1A available online). Embryos were electroporated at HH stage 11-12, before the onset of endogenous Tgfb2 expression in Nkx2.2 progenitors, and the identity of progenitors and their neural progenies were examined 24-48 hr postelectroporation (hpe). Strikingly, early activation of Tgfb signaling resulted in a rapid downregulation of Phox2b and induction of the early 5HTN marker Gata2 (Deneris and Wyler, 2012) within 24 hpe ( Figure 1B ) and premature generation of 5HTNs within 48 hpe as indicated by unilateral induction of the 5HTN markers Lmx1b, 5-HT, Gata3, Pet1, and serotonin transporter (Sert) (Figure 1B) . Expression of Tgfbr1
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CA together with EGFP indicated a direct lineage relationship between Tgfbr1 CA -expressing progenitors and prematurely induced Lmx1b + 5HTNs ( Figure 1B ).
Importantly, and consistent with the extinction of Phox2b expression, the premature induction of 5HTNs occurred at the expense of MN production, as shown by reduced numbers of Tbx20 and Isl1/2-expressing cells at 24-48 hpe ( Figure 1B ) (Kraus et al., 2001; Pattyn et al., 2003b) . In similar experiments, activation of the BMP signaling pathway or enhanced Shh signaling did not induce premature 5HTNs ( Figure S1B ). Moreover, cultures of isolated ventral hindbrain tissue exposed to purified Tgfb2 protein exhibited extensive premature generation of 5HTNs ( Figure S1C ). Thus, early activation of the Tgfb pathway is sufficient to terminate MN production and execute a premature MN-to-5HTN fate switch in the Nkx2.2 + temporal differentiation lineage ( Figure 1F ).
Tgfb Suppresses Early-Born Neurons and Induces
Late-Born Cell Types in Different Regions of the CNS Tgfbs 1-3 are broadly and dynamically expressed in the developing CNS (Yi et al., 2010) raising the possibility that Tgfb signaling could influence temporal fate specification in many regions of the neural tube. Similar to the hindbrain, we observed a progressive upregulation of Tgfb2 expression in ventral progenitors in the developing midbrain ( Figure 1C) . At this axial level, somatic oculomotor neurons (OMNs) and red nucleus neurons (RNNs) are sequentially specified by ventral progenitors initially defined by the expression of Phox2a (but not of Nkx2.2) . Like Phox2b in the hindbrain, Phox2a is a temporal fate determinant that is required for the specification of earlyborn OMNs and to prevent premature induction of RNNs in the midbrain Pattyn et al., 1997) . The progressive upregulation of Tgfb2 expression correlated with the downregulation of Phox2a in the ventricular zone and preceded the birth of Brn3a + RNNs ( Figure 1C) , consistent with the possibility that Figure 1D ; data not shown). In the spinal cord, somatic MNs (SMNs) and OLPs are sequentially generated from Olig2 + pMN progenitors (Rowitch and Kriegstein, 2010) , and early activation of Tgfb signaling at this level suppressed Hb9 + SMNs and induced Olig2 + /Sox10 + OLPs prematurely (Figure 1E) . Thus, Tgfb signaling is sufficient to suppress early-born fates and induce late-born neural subtypes in distinct temporal lineages in the developing CNS ( Figure 1F ). (Jacob et al., 2008) , implying that Nkx2.2 + progenitors normally undergo sequential competence states in a manner similar to temporal patterning models in Drosophila Figure 2C ), a stage when only MNs are being actively produced (Pattyn et al., 2003a) . Moreover, early activation of Tgfb signaling had no notable effect on Foxa2 expression in Nkx2.2 + progenitors ( Figure 2D ), but the suppression of Phox2b in this condition was accompanied by a premature upregulation of Tgfb2 ( Figure 2D ). Similarly, the loss of MNs and premature generation of 5HTNs in Phox2b-mutant mice (Pattyn et al., 2003a) correlated with a premature induction of Tgfb2 at E9.5, but not with any obvious change of Foxa2 expression ( Figure 2E ). First, these data reveal an opposing relationship between Phox2b and Tgfb signaling in Nkx2.2 + progenitors, and establish that Phox2b is required for creating a temporal delay regarding the activation of Tgfb2 in the Nkx2.2 + temporal lineage. Second, and importantly, rather than undergoing sequential competence states (Jacob et al., 2008) , our data suggest a hierarchical dominance mechanism where Nkx2.2 + progenitors acquire inherent competence to produce both MNs and 5HTNs at early stages, but that the MN-inducing activity of Phox2b predominates over 5HTN-determining transcription factors in young progenitors ( Figure 3I ). Figure S2 ). In this condition, ectopically induced Nkx2.2 + progenitors sequentially generated MNs and 5HTNs
as revealed by induction of the MN marker Tbx20 by 50 hpe and the 5HTN marker Pet1 at 70 hpe ( Figure 3A) . Similar to the endogenous Nkx2.2 + progenitor domain, the sequential generation of these neurons was associated with a rapid induction of Nkx2.2, Foxa2, and Phox2b within 20 hpe ( Figures 3B and S2 ), whereas robust induction of Tgfb2 and a concomitant downregulation of Phox2b in progenitors were observed first at $50 hpe ( Figure 3B ). Broad activation of Tgfb signaling by a CAGGTgfbr1 CA expression vector did not induce ectopic 5HTNs or Tgfb2 expression, but consistent with data above, induced a premature MN-to-5HTN switch within the endogenous Nkx2.2 + progenitor domain ( Figure 3D ; data not shown). If CAGGTgfbr1 CA and CAGG-Shh were coexpressed, however, the Shh-mediated induction of Tbx20 + MNs ( Figure 3F ) was suppressed, and Pet1 + 5HTNs were prematurely induced throughout the neural tube ( Figure 3G ). Moreover, if Shh and Tgfbr1 CA were misexpressed in conjunction with Phox2b, ectopic induction of MNs was restored, and premature specification of 5HTN was suppressed ( Figures 3E, 3G , and 3H). These data provide evidence that the late activation of Tgfb2 and temporal execution of the MN-to-5HTN switch are intrinsically programmed within the Nkx2.2 + temporal lineage downstream of Shh, and further suggests that the downregulation of Phox2b in neural progenitors is a prerequisite for the Tgfb-mediated induction of 5HTNs ( Figure 3I ).
Nkx2.2 + Progenitors Overproduce MNs and Retain Tripotency for an Extended Time in Tgfbr1 Mutants
We next examined the fate and potential of Nkx2.2 + progenitors in mice lacking Tgfbr1 in ventral hindbrain progenitors. Conditional Tgfbr1 mutants (hereafter referred to as Tgfbr1 mutants) were generated by crossing mice carrying a floxed Tgfbr1 allele (Larsson et al., 2001 ) with mice expressing cre-recombinase under the control of the Nkx6.2 locus (Baudet et al., 2008) (Figure S3A) . In Tgfbr1 mutants, the establishment of the FP and + progenitor domain appeared normal, and the generation of MNs was similar to controls between E9-E10.5 ( Figures  4A, 4B , and 4E; data not shown). However, at E11.5 and E12.5 there was a notable loss of 5HTNs in Tgfbr1 mutants as shown by the reduced numbers of cells coexpressing Lmx1b, Gata3, Pet1, or 5-HT and of Sert + cells ( Figure 4A ). This loss was accompanied by an extended temporal production of MNs, as shown by increased numbers of Nkx2.2 + progenitors coexpressing Phox2b at E10.5-E11.5 ( Figures 4B and 4C) and by an $50% increase in the number of postmitotic Isl1
+ trigeminal MNs at E11.5
( Figures 4B and 4E) . Consistent with gain-of-function experiments, there was also a notable loss of Tgfb2 expression in Nkx2.2 + progenitors in Tgfbr1 mutants at E11 ( Figure 4A ). The failure to timely terminate MN production in Tgfbr1 mutants was further supported by bromodeoxyuridine (BrdU) pulse birth-dating experiments ( Figure 4D ), and consistent with these data, the surplus of trigeminal Isl1 + MNs at E11.5 was primarily detected at medial premigratory positions or within the migratory stream, while the number of early-born and laterally located MNs settling to form the trigeminal nuclei was similar in Tgfbr1 mutants and littermate controls (Figures 4B and 4F ; data not shown). Thus, the temporal phase of MN production is extended, and the initiation of 5HTNs is delayed in Tgfbr1-mutant mice. Despite the notable delay, there was not a complete loss of 5HTNs in Tgfbr1 mutants at E12.5 ( Figure 4A ), and we therefore examined the fate of Nkx2.2 + progenitors at late stages. The production of 5HTNs is followed by the specification of OLPs at rostral levels of the hindbrain (Vallstedt et al., 2005) . In wildtype conditions, Lmx1b + 5HTNs are first detected at $E11, and the production of these cells ceases at around E14.5, as indicated by analysis of newly born Lmx1b + 5HTNs located adjacent to the Nkx2.2 + ventricular zone (Figures 4G and 4I ; data not shown). Olig1/2 + OLPs, in turn, begin to be generated at around E12.5 ( Figures 4H and 4J ) (Vallstedt et al., 2005) , and their specification peaked at around E13.5-E14.5 and begun to cease at around E16, as indicated by Olig1/2 + OLPs detected within or adjacent to the Nkx2.2 + progenitor zone at these stages ( Figures  4H and 4J) . Accordingly, there is a partial overlap between the temporal phases of 5HTN and OLP production by Nkx2.2 + hindbrain progenitors. While the prolonged period of MN production in Tgfbr1 mutants initially occurred at the expense of 5HTNs (Figures 4A and 4B), analyses of mice at late stages revealed a remarkable recovery of 5HTN production over time, as indicated by similar numbers of Lmx1b + 5HTNs in Tgfbr1 mutants and littermate controls at E14.5 ( Figure S3B ). Strikingly, this recovery reflected an extension of the temporal specification of 5HTNs in Tgfbr1 mutants into the time window when OLPs are normally being produced ( Figures 4G-4J and 4L) , resulting also in a concomitant temporal delay regarding the specification of OLPs ( Figures 4H, 4J , and 4L). As for 5HTNs, the generation of OLPs eventually appeared to recover over time as similar numbers of Olig1/2 + cells were detected in the ventricular zone in Tgfbr1 mutants and controls at E16 (Figures 4H and 4J) . Thus, both the MN-to-5HTN switch and the subsequent 5HTN-to-OLP switch are shifted in time by approximately 24 hr in Tgfbr1 mutants. These findings have several important implications regarding the role of Tgfb in regulating the temporal progression of neural stem differentiation. First, the fact that Nkx2.2 + progenitors maintain a ''young'' tripotent progenitor potential for an extended time period in conditions of inhibited Tgfb signaling suggests a direct role for Tgfb in the temporal regulation of neural stem cell potential. Second, these data indicate that Tgfb acts as a devoted temporal switch signal that is not instructive regarding the generation of late-born 5HTNs or OLPs per se. Third, and interestingly, these data suggest that the temporal execution of the MN-to-5HTN switch and the subsequent 5HTN-to-OLP switch are mechanistically interconnected. As a consequence, the initiation of Tgfb signaling not only sets the time for the MNto-5HTN fate switch, but also appears to influence the overall lifespan of the Nkx2.2 + temporal differentiation lineage ( Figure 4L ).
Consistent with this possibility, we found that early activation of the Tgfb pathway in Nkx2.2 + progenitors not only shortened the time window of MN production and induced early generation of 5HTNs ( Figures 1B and 4K ), but also triggered premature specification of OLPs ( Figure 4K ). (Figures 5A and 5B ; see Supplemental Experimental Procedures). Application of Hh-Ag1.3 was used to ventralize cells, whereas RA was applied to control the anterior-posterior identity of neural progenitors . Expression analyses revealed that Nkx2.2 + cells expressed a ventral hindbrain identity and did not express markers characteristic of spinal cord, midbrain, or forebrain levels (data not shown). The early application of RA in these experiments also served to synchronize the differentiation process by rapidly suppressing the expression of pluripotency genes and promoting neuralization at early differentiation stages ( Figure S4 ). In these conditions, the vast majority of ESC-derived Nkx2.2 + progenitors coexpressed Phox2b at 3-3.5 DDC, and the number of Nkx2.2 + /Phox2b + cells subsequently decreased as a function of time, so that only rare cells coexpressing these markers could be detected at 5.5 DDC (Figures 5B and 5C ). This early phase of Nkx2.2/Phox2b coexpression correlated with the generation of MNs, as defined by expression of Phox2b in postmitotic MNs (that do not express Nkx2.2) and the MN markers Isl1/2 and Peripherin ( Figures 5B, 5E , and 5K). Also, pulse-labeling experiments of mitotic cells using the thymidine analog 5-methyl-2 0 -deoxyuridine (EdU) indicated that > 90% of Isl1 + -MNs were specified prior to 5.5 DDC ( Figure 6C ). The production of MNs was followed by the generation of 5HTNs ( Figures 5B, 5C , and 5E-5G). As in vivo, the specification of 5HTNs correlated with the downregulation of Phox2b in progenitors, and induction of the early 5HTN marker Gata3 at 5.5 DDC ( Figures 5C, 5E , and 5F) in combination with EdU-pulse birth-dating analysis (Figure S5 ; data not shown) and progenitor cell-sorting experiments (see below, Figure 6A ) indicated that 5HTNs were specified between $5 and 8.5 DDC. Markers of more mature 5HTNs, such as Lmx1b, 5-HT, and Tryptophan hydroxylase 2 (Tph2) appeared in differentiating cultures at $6-8 DDC (Figures 5H-5J and 5L; data not shown). OLPs are mitotically active, and we could therefore not use EdU labeling to birth date these cells. Nevertheless, Nkx2.2 + progenitors initiated expression of Olig2 at around 7.5-8.5 DDC ( Figures 5C and 5D ), and this was followed by the appearance of numerous Olig2 + /Sox10 + OLPs at 10 DDC (Figure 5D ) and differentiated oligodendrocytes expressing Olig2 and Myelin basic protein (MBP) at 13-16 DDC ( Figure 5M ). These data provide evidence that ESC-derived Nkx2.2 + neural progenitors are tripotent and sequentially produce MNs, 5HTNs, and OLPs in vitro. We next investigated temporal changes in potency and state of specification of Nkx2.2 + progenitors by isolating neural progenitors by prominin1-based magnetic-activated cell sorting (p-MACS) (Corti et al., 2007) at different time points. When Nkx2.2 + progenitors isolated at 4 DDC were replated and 
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Tgfb Regulates Temporal Neurogenesis allowed to differentiate, MNs, 5HTNs, and OLPs were sequentially generated (Figures 6A and 6E ; data not shown), showing that these progenitors have a tripotent differentiation potential. However, if Nkx2.2 + progenitors isolated at 4 DDC were forced to differentiate through inhibition of Notch signaling by addition of the g-secretase inhibitor DAPT (Figure 6D ), almost all neurons generated expressed a MN identity (Figures 6A and 6E) . If Nkx2.2 + progenitors instead were isolated at 6 DDC, replated, and allowed to differentiate, 5HTNs and OLPs were produced, but essentially no MN were generated, and only 5HTNs were generated if progenitors were treated with DAPT ( Figures 6A  and 6E) . Thus, between 4 DDC and 6 DDC, Nkx2.2 + progenitors become respecified from a MN-into a 5HTN-specification state and concurrently lose their potential to generate MNs (Figures  6Fi and 6Fii) . Progenitors isolated at 8 DDC, in turn, generated numerous OLPs, occasional 5HTNs, and no MNs regardless if cells were exposed or not to DAPT ( Figure 6A ; data not shown).
Considering that treatment of cells with DAPT at 4 and 6 DDC resulted in a complete depletion of Sox3 + neural progenitors within 48 hr ( Figure 6D ; data not shown), these data strongly suggest that Nkx2.2 + progenitors, at the population level, undergo sequential states of specification (MN > 5HTN > OLP) and progressively lose their potential to generate MNs and 5HTNs in this process (Figures 6Fi and 6Fii) .
To investigate if Tgfb influences temporal identity and progenitor potency in ESC cultures, we exposed cells to Tgfb2 (2 ng/ml) between 2.5 and 3.5 DDC and evaluated the differentiation of these cells as compared to controls. In Tgfb2-treated cultures, there was a notable downregulation of Phox2b in Nkx2.2 + progenitors at 4 DDC ( Figure 6B ), and this was accompanied by a dramatic reduction of the numbers of MNs generated and by a premature induction of 5HTNs ( Figures 6B, 6E , and S5). OLPs were also generated in Tgfb2-treated cultures as indicated by the presence of Olig2 + /Sox10 + cells at 10-14 DDC (data not shown). As indicated above, Nkx2.2 + progenitors isolated at 4 DDC almost exclusively produced MNs when forced to differentiate in response to DAPT (Figures 6A and 6E) . By contrast, when cells transiently treated with Tgfb2 were isolated at 4 DDC and forced to differentiate, the production of MNs was suppressed, and extensive differentiation of 5HTNs was observed (> 80% 5HTNs; Figure 6E ). Moreover, EdU-labeling experiments indicated that the production of MNs was terminated approximately 24 hr earlier in Tgfb2-treated cultures as compared to controls ( Figure 6C ), and that this suppression of MN generation remained stable over time ( Figure 6C ). Together, these data show that Tgfb2 is sufficient to respecify tripotent progenitors from a young state of MN specification into an ''old'' bipotent 5HTN-specification state in ESC-cultures, and establishes that Tgfb2 can be applied to effectively produce 5HTNs in stem cell cultures by bypassing most of the primary phase of MN production.
DISCUSSION
Here we show that Tgfb signaling executes the transition between early and late phases of neurogenesis and concurrently constrains the potency of Nkx2.2 + progenitors in the developing hindbrain. Tgfb acts as a devoted temporal switch signal that is not required for the specification of late-born cell types per se, and could thereby easily be integrated in other temporal gene regulatory networks in which distinct subtypes of neural progenies are sequentially specified. Consistent with this, we show that Tgfb can suppress early neurogenesis and induce lateborn cells also in the developing midbrain and spinal cord, while studies in the retina have suggested that feedback signaling by the Tgfb superfamily member GDF11 regulates the temporal competence of retinal progenitors (Kim et al., 2005) . Unexpectedly, we find that the Tgfb-regulated primary MN-to-5HTN switch is temporally coupled to the subsequent 5HTN-to-OLP switch, indicating that the temporal onset of Tgfb signaling triggers progenitor-age progression, which in turn affects the overall lifespan of the Nkx2.2 + temporal lineage. Intriguingly, this implies that the lifespan of temporal differentiation lineages in the vertebrate CNS is dynamic and not fixed in time ( Figure 4L ). This concept is important both at a mechanistic level and in evolutionary terms, as it provides a means to regulate tissue size by modulating the production period of a given cell type without inflicting on other cell types produced by the lineage.
Our data suggest a hierarchical dominance model of sequential fate specification in which transcription factors promoting MN and 5HTN fate coexist in young progenitors, but where the activity of Phox2b predominates over 5HTN fate determinants at early developmental stages. Tgfb activation in young progenitors suppresses Phox2b and MN fate and triggers premature induction of 5HTNs, similarly to the loss of MNs and premature gain of 5HTNs observed in Phox2b mutant mice (Pattyn et al., 2003a) . Consequently, Nkx2.2 + progenitors acquire inherent competence and are primed to produce late-born 5HTNs already at early developmental stages, but the termination of MN production and implementation of the 5HTN differentiation program is first executed in response to the Tgfb-mediated suppression of Phox2b ( Figures 3I and 6F ). Such a hierarchical dominance mechanism differs conceptually from ''sequential competence-state'' models in Drosophila , as young neuroblasts appear to lack competence to produce late-born cell types even when early identity genes are genetically eliminated (Isshiki et al., 2001) or suppressed in response to premature expression of temporal switch factors (Kanai et al., 2005) . The regulation of progenitor competence and potency in the ventral hindbrain shows several important similarities to temporal patterning of the developing neocortex. In particular, like Nkx2.2 + progenitors, young cortical progenitors have competence to produce late-born progenies in response to extrinsic signals active at late stages of cortical development (McConnell and Kaznowski, 1991) . The sequential generation of cortical neurons can furthermore be recapitulated from individual cortical-like progenitors in vitro, implying that the activation of presumptive cortical signals is intrinsically programmed within cortical temporal differentiation lineages (Shen et al., 2006 (Alsiö et al., 2013; Molyneaux et al., 2005) . It is therefore feasible that opposing regulatory interactions between early-acting intrinsic temporal determinants and late-acting extrinsic signals could reflect a common strategy for how temporal switch decisions are regulated in temporal patterning processes in the vertebrate brain. It is also notable that the temporal switch activity of Tgfb is intimately associated with a loss of potency of Nkx2.2 + progenitors to produce MNs, identifying Tgfb as a temporal regulator of neural stem cell potency. How the progressive restriction cortical progenitor potential is mechanistically implemented remains unclear (Gage and Temple, 2013; , and it will therefore be important to identify cortical switch signals and examine if they operate in a manner analogous to Tgfb in the hindbrain. A future key issue in understanding how time is interpreted in the Nkx2.2 + temporal lineage will be to define how the expression of Phox2b becomes destabilized over time, thereby allowing the onset of Tgfb2 expression and execution of the MN-to-5HTN fate switch. One possibility is that activators necessary to sustain Phox2b expression are abrogated over time, which could explain why progenitors can undergo a seemingly Tgfb-independent fate switch in Tgfbr1 mutants, albeit on a delayed temporal schedule. In such a model, Phox2b transcription would be progressively weakened to eventually reach a threshold when it no longer is able to counteract Tgfb2 activation. Once induced, in turn, the feedforward propagation of Tgfb signaling could facilitate a robust switch event and stably eliminate MN potency though direct repression of Phox2b and/or by eliminating remaining early-acting activators. An alternative possibility is that repressive input in addition to Tgfb is integrated in the differentiation process. In the Drosophila nerve cord, the early competence gene Hunchback (hb) is initially transcriptionally repressed by the transcription factor Seven-up (Kanai et al., 2005) , but the hb locus subsequently undergoes a transition into a permanently silenced state, which correlates with the time when progenitors lose competence to respond to forced Hb expression . The late loss of Phox2b expression in Tgfbr1 mutants could therefore reflect a similar epigenetic silencing mechanism that functions at least partly independent of the Tgfb pathway. Over the last decade, it has become evident that signaling molecules underlying the positional specification of cells in the developing CNS have been instrumental for our ability to control the differentiation of pluripotent stem cells into regionally distinct subtypes of neurons (Peljto and Wichterle, 2011) . Our identification of Tgfb as a temporal switch signal and regulator of neural progenitor potential provides a future framework to modulate temporal identity and potency of neural cells in stem cell engineering. In fact, considering the important implications of 5HTNs in neurological disease, psychiatric disorders, and spinal cord repair (Ressler and Nemeroff, 2000; S1awi nska et al., 2013) , our study provides proof of concept that extrinsic cues regulating temporal neurogenesis can be utilized to bypass early phases of neurogenesis and thereby facilitate effective production of late-born and clinically relevant neurons from stem cells.
EXPERIMENTAL PROCEDURES Mutant Mouse Strains
Genetic modified mouse strains Nkx2.2, Phox2b, Nkx6.2-Cre, and Tgfbr1 have been previously described (Baudet et al., 2008; Larsson et al., 2003; Pattyn et al., 2000 Pattyn et al., , 2003a . All animal experiments were performed according to the Swedish Animal Agency's provisions and guidelines for animal experimentation and approved by the regional animal ethics committee of Northern Stockholm.
Expression Constructs and In Ovo Electroporation cDNAs encoding eGFF, Foxa2, Shh, and Phox2b or the constitutively active forms of Tgfbr1 (T204D), Acvr1 (Q207D), and SmoM2 were subcloned into CAGGS-or CRM-Nkx2.2-based vectors (Lek et al., 2010) . HH stage 11-12 chick embryos were electroporated (Lek et al., 2010) with DNA constructs at a concentration of 0.5-1 mg/ml.
Immunohistochemistry and In Situ Hybridization
The following antibodies were used: mouse, Shh, Nkx2.2, Pax6, Lmx1b, Isl1 (Developmental Studies Hybridoma Bank), Gata3 (Santa Cruz), Brn3a (Chemicon); goat, b-Galactosidase (BioGenesis); rabbit, GFP (Molecular Probes), Pax6 (Nordic BioSite), 5-HT (Sigma), Sox1 (J. Muhr), Arx (K. Kitamura), Olig2 (Millipore), Foxa2 (Chappell); guinea pig, Lmx1b (J. Ericson and A. Kania), Pet1 (J. Ericson), Phox2b (J. Ericson and H. Enomoto), Sox3 (J. Muhr), Isl1/2 (T. Jessell); rat BrdU (Abcam). In situ hybridization was performed using the following probes: chick Foxa2 (ChEST604E5), Pet1 (ChEST616G19), Tbx20 (A. Kispert); Shh, Nkx2.2, and FoxJ1 (Lek et al., 2010) , Phox2a and Phox2b (J. Brunet); Tgfb2, Gata2, Gata3, Sert, Sox10 (isolated from chick cDNA library); and mouse Tgfb2 (IRAVp968B1019D6), Olig1 (D. Rowitch); Sert, Pet1, Lmx1b (isolated from mouse cDNA library). Immunohistochemistry, in situ hybridization, and image data acquisition was performed as previously described (Lek et al., 2010; Pattyn et al., 2003a) . For BrdU labeling, sections were fixed for 10 min in 4% PFA after immunohistochemistry protocol, washed in PBS, treated with 2 M HCL/0.1% Triton X-100 at 37 C for 20 min, briefly washed with PBS, and incubated with borate buffer for 10 min. After a washing step with PBS, rat anti-BrdU was added for 1 hr at room temperature and revealed with fluorescent conjugated secondary antibodies.
BrdU Labeling
BrdU (Sigma) was injected intraperitoneally in pregnant female mice at 0.1 mg/g of body weight at the desired embryonic stages. Embryos were harvested at E12.5 and analyzed for incorporation of BrdU in MNs.
Neural Tube Explant Culture HH stage 11 chick neural tube explants were performed as previously described (Vallstedt et al., 2005) . Tgfb2 (R&D Systems) was used at a final concentration of 2 ng/ml. 
